We design two new I2-II-IV-VI4 quaternary semiconductors Cu 2 ZnTiSe 4 and Cu 2 ZnTiS 4 , and systematically study the crystal and electronic structure by employing first-principles electronic structure calculations. Among the considered crystal structures, it is confirmed that the band gaps of Cu 2 ZnTiSe 4 and Cu 2 ZnTiS 4 originate from the full occupied Cu 3d valence band and unoccupied Ti 3d conducting band, and kesterite structure should be the ground state. Furthermore, our calculations indicate that Cu 2 ZnTiSe 4 and Cu 2 ZnTiS 4 have comparable band gaps with Cu 2 ZnTSe 4 and Cu 2 ZnTS 4 , but almost twice larger absorption coefficient α(ω). Thus, the materials are expected to be candidate materials for solar cell absorber.
I. INTRODUCTION
Main focus of current research in solar energy and thermoelectric power generation is to discover and develop efficient materials. An ideal thin-film solar cell absorber material should have a direct band gap around 1.3∼1.5 eV with abundant, inexpensive, and nontoxic elements. Cu-base selenide and sulfide are considered to be a promising class of materials for solar-cell applications [1] [2] [3] [4] [5] . Cu(In,Ga)Se 2 (CIGS) is one of the most promising thinfilm solar cell materials, demonstrating an efficiency about 20%
1 . However, In and Ga are expensive components, and the band gap is usually not optimal for high efficiency CIGS solar cells. Currently, designing and synthesizing novel, high-efficiency, and low cost solar cell absorbers to replace CIGS has attracted much attention. Among the materials that have been investigated, the group I2-II-IV-VI4 quaternary semiconductors Cu 2 ZnSnS 4 (CZTS) and Cu 2 ZnSnSe 4 (CZTSe) compounds have drawn significant interest because they contain abundant and nontoxic elements Cu, Zn, Sn, S, and the band gap of CZTS is about 1.5 eV 6,7 , which is ideal for solar cell application.
Motivated by the same thought, in this letter we report two new I2-II-IV-VI4 quaternary semiconductors Cu 2 ZnTiSe 4 (CZTiSe) and Cu 2 ZnTiS 4 (CZTiS), in which Sn of CZTSe and CZTS is replaced by Ti. Ti is group IVB element and cheaper than Sn. Although its dioxide TiO 2 has been used in dye-sensitized solar cell 8 , it has not been drawn attention to the series of group I2-II-IV-VI4 quaternary semiconductors yet. By employing first-principles electronic structure calculations, we show that the fundamental band gaps of CZTiSe and CZTiS are around 1.0∼1.4 eV, and the direct band gaps at Γ are round 1.2∼1.6 eV, which are comparable with CZTSe and CZTS, thus CZTiSe and CZTiS might be useful materials for solar cell absorber. 
II. COMPUTATIONAL DETAILS
We have systematically investigated the structural and electronic properties of CZTiSe and CZTiS by using a high precise first-principles all-electron full-potential linearized augmented plane wave (FLAPW) method based on the density-functional theory (DFT) 9 . Generalized gradient approximation (GGA) of Perdew-BurkeErnzerhof (PBE) 10 is used in our calculations to obtain structural properties. The lattice constants a and c are optimized, as shown in Table I . Meanwhile, the atomic positions are relaxed until the force on each atom is smaller than 1mRy/a.u. The self-consistent calculations are considered to be converged only when the integrated charge difference between input and output charge density is less than 0.0001. We use at least 900 k-points for Brillouin-zone integrations. As the GGA underestimates the band gaps, we have performed DFT+U calculations by using Engel and Vosko GGA plus an onsite Coulomb interaction U d (EVU) to generate accurate band gap. Such an EVU method can correctly describe the band gap of d-electron zinc-blende semiconductors CuInSe2, ZnO, CZTS and CZTSe 7, 12 . In all EVU calculations, the electronic correlation effects is considered with U ef f =4 eV for Cu, Zn and Ti, respectively. Furthermore, It should be mentioned that the EVU calculations have a little influence on structural properties. 
III. RESULTS AND DISCUSSION
The I2-II-IV-VI4 quaternary semiconductors have two fundamental crystal structures: one is kesterite structure (KS) [space group I4, Fig.1(a) ], the other is stannite structure (ST) [space group I42m, Fig. 1(b) ]. We further consider two structures derived from KS and ST in which the position of Ti and Zn are exchanged every two planes, named as KS-I [space group P4, fig. 1(c) ] and ST-I [space group P42m, fig. 1(d) ]. In all of structures, Se or S (group VI) atom is surrounded by two Cu (group I) atoms, one Ti (group IVB) atom and one Zn (group II) atom, therefore the octet rule is obeyed.
The calculated properties of CZTiSe and CZTiS of the four structures are listed in Table I . We find that KS compounds have the lowest total energy for both CZTiSe and CZTiS, whereas ST ones have lower total energy. Other two structures KS-I and ST-I should be unfavorable because of higher total energy. It seems that Ti and Zn are more likely to be tetrahedral coordination but not square coordination. Although the KS possesses a lower energy, the energy difference between KS and ST is small, about 2 meV/atom. It is similar with CZTSe and CZTS that KS is more stable than ST only with a tiny energy difference. Thus, it indicates that KS and ST ordering may coexist in real material, and the disorder effects should be similar with CZTS and CZTSe as discussed in Ref. 6 .
The calculated band gap of CZTiSe is smaller than CZTiS in the same crystal structure, which is consistent with the common expectation that the selenides have smaller band gaps than the corresponding sulfides. From the EVU calculations, estimated energy gaps E g are 1.42 eV for KS CZTiS, 1.24 eV for ST CZTiS, 1.24 eV for KS CZTiSe, and 1.06 eV for ST CZTiSe, respectively. The KS ones have the largest fundamental band gaps among the different cation configurations. The gap values are found to increase more or less linearly upon increasing U value. For example, if Ti has U ef f =3 eV, the band gap will decrease about 0.05 eV. Thus, the calculated band gaps have an error bar with order of magnitude 0.1 eV. It should be important to compare the theoretical results ).
with experimental data in the future. Nevertheless, as these U are typical values used in the literature 7 , it would be reasonable to estimate the gap of CZTiS and CZTiSe. Furthermore, the effect of different cationic occupation on the band gap is indicated by comparing four different crystal structures KS, ST, KS-I and ST-I. Within EVU, we find the band gap of KS-I CZTiS is 1.32 eV, whereas that of ST-I CZTiS is 1.14 eV. Likewise, substitution positions induce lattice constant to change and the lattice constant in turn affects energy band gap closely. As there is no available data of lattice and gaps experimentally, it is highly expected to identify structural properties of those materials, and further control disordering and atomic concentration to adjust band gaps.
The band structures of KS CZTiS, ST CZTiS, KS CZTiSe and ST CZTiSe are shown in Fig.2 tion of second nearest neighbor cations: In KS lattice, both Cu are surrounded by four tetrahedral coordinated Cu, however one is surrounded by square coordinated Ti and tetrahedral coordinated Zn, whereas the other is surrounded by square coordinated Zn and tetrahedral coordinated Ti. While in ST lattice, every Cu has four square coordinated Cu, but tetrahedral coordinated Zn and Ti. Thus band structures have different dispersion relationships. Density of states (DOS) of KS CZTiS is shown in Fig.3 . It is found that below -4 eV and above 4 eV, there are mainly S 3p states hybridized with s states of Zn, corresponding to bonding and anti-bonding states, respectively. From -4 eV to -2.5 eV, there are bonding states which consist of S 3p states hybridized with 3d states of two Cu, while from -2 eV to -0 eV, there are mainly antibonding states which consist of S 3p states hybridized with 3d states of two Cu. The p-d bonding and antibonding states are separated by a narrow gap about 0.5 eV. Beyond Fermi level, there is a peak of Ti 3d states up to 3 eV. The calculations indicate that the band gap originates from the full occupied Cu d xy valence bands and unoccupied d 3z 2 −1 conducting bands. As shown in Table I , it indicate that KS and ST CZTiS (or CZTiSe) have comparable energy gaps: E g (KS)- In Fig.4 , it shows the absorption coefficient α(ω) of KS CZTiS, ST CZTiS, KS CZTiSe and ST CZTiSe, respectively, which represents the linear optical response from the valence bands to the lowest conducting bands. All four compounds have comparable absorption, although with different photon energy for the onset to absorption (i.e., the band-gap energy). It is found that KS CZTiS has a large band-edge absorption coefficient. Notably, the calculated values is almost twice larger than that of CZTS and CZTSe 7 . That imply Ti-compounds might have higher light transformation efficient then Sncompounds. For higher energies (about 2.5 -4.0 eV), the absorptions in both CZTiS and CZTiSe are decreasing but it is still similar with CZTS and CZTSe, although the conducting band characters are different. The calculated absorption coefficient is limited by considering direct transitions only, and at high temperatures phononassisted transitions will be an additional contribution that will somewhat broaden the spectra. Therefore, it is worthy to extensively investigate CZTiS and CZTiSe to search the possible high-efficient materials, especially in sulfides.
IV. SUMMARY
Our work demonstrates that the band gaps of CZTiS and CZTiSe originate from the full occupied Cu 3d valence band and unoccupied Ti 3d conducting band, which is quite different from the well known I2-II-IV-VI4 quaternary semiconductors CZTS and CZTSe. CZTiS and CZTiSe might be candidate materials for solar cell absorber since their band gaps are around 1.2 eV∼1.4 eV, which is comparable with CZTS and CZTSe, although we should note again that the size of gap is depended on the choice of U. As these materials have higher absorption coefficient theoretically, it might be convenient for industrial application not only because Ti is extensively used and cheaper than Sn.
